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We study the effects of disorder on the interlayer transport properties of disordered semiconductor
bilayers outside of the quantum Hall regime by performing self-consistent quantum transport calcu-
lations. We find that the addition of material disorder to the system affects interlayer interactions
leading to significant deviations in the interlayer transfer characteristics. In particular, we find that
disorder decreases and broadens the tunneling peak, effectively reducing the interacting system to
the non-interacting system, when the mean-free path for the electrons becomes shorter than the sys-
tem length. Our results suggest that the experimental observation of exchange-enhanced interlayer
transport in semiconductor bilayers requires materials with mean-free paths larger than the spatial
extent of the system.
Semiconductor bilayer quantum wells have proven to
be a system which exhibits an abundance of interest-
ing physical phenomena. In this regard, semiconduc-
tor bilayers are mainly studied deep within the quantum
Hall regime where strong interlayer interactions produce
spectacular transport phenomena1;2. While semiconduc-
tor bilayers outside of the quantum Hall regime are not
expected to undergo a dramatic phase transition, inter-
layer interactions have been predicted to produce inter-
layer transport phenomena similar to those characteristic
of its quantum Hall regime though orders of magnitude
smaller3;4. While theoretically possible and potentially
useful as a tunneling device5, to be experimentally ob-
served, these exchange-enhanced interlayer transport sig-
natures must be robust against material disorder which
these semiconductor bilayer systems are well-known to
contain. Therefore, understanding the observable devi-
ations in interlayer transport caused by material disor-
der is required. In Fig. 1(a), we plot a schematic of
the system considered here. The system is comprised
of two 16 nm deep GaAs quantum well separated by
FIG. 1. (Color online) (a): A schematic figure of the
Al0.9Ga0.1As/GaAs system considered in this work. A plot of
current as a function of interlayer bias for electrons injected
into the bottom right contact and extracted from (b) the top
left contact and (c) the top right contact.
a 2 nm Al0.9Ga0.1As barrier. The gates on the top
and bottom are isolated from their respective quantum
well with 60 nm top and bottom Al0.9Ga0.1As barriers.
Contacts inject and extract electrons from the system
on the left and right ends of both the top and bot-
tom layers. We use the tunneling bias configuration
(VTL = VTR = VBL = 0, VBR = VINT ) in which elec-
trons are injected into the bottom right contact and are
extracted from the top left contact. The length and
width of the system are each 1.2 µm and we assume
that each 2DEG contains an electron concentration of
n2D = 2 × 1010 cm−2. The system temperature for all
of our simulations is set to the zero temperature limit or
Tsys = 0 K. We define the single quantum well Hamil-
tonian as
HQW =
∑
<i,j>
−τ | i〉〈j | +(4τ + Vi) | i〉〈i |, (1)
where lattice points i and j are nearest neighbors. τ =
~2/2m∗a2 is the nearest neighbor hopping energy, where
m∗ is the electron effective mass of GaAs and a = 20nm
is the lattice constant of our simulation. Vi = φ(ri) is the
on-site potential for GaAs from the normal tight-binding
description and is calculated via a 3-dimensional Poisson
solver. We may now generalize our 2DEG Hamiltonian
to the double quantum well Hamiltonian by coupling the
top and bottom quantum 2DEGs,
Hsys =
[
HQW 0
0 HQW
]
+
∑
µ=x,y,z
µˆ ·∆⊗ σµ, (2)
with the interlayer interactions including both single par-
ticle tunneling and the mean-field many-body contribu-
tion, ∆, coupling the two quantum wells using a local
density approximation4;6. In Eq. (2), µ represents a vec-
tor that isolates each of the Cartesian components of the
pairing vector, and σµ represents the Pauli spin matrices
in each of the three spatial directions. To complete our
Hamiltonian definition, we use t = ∆sas/2 = 2µeV as
the single particle tunneling amplitude. We model the
exchange interaction using an enhancement factor3 S,
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2which effectively gives the quasi-particle tunneling ampli-
tude as teff = St. Therefore, ∆ in Eq. (2) is a function
of t and S4;6. The predicted value for S is ∼ 2 and we
use S = 2 for the remainder of this work when discussing
interacting bilayer systems.
To understand the effects of material disorder in the
GaAs/AlGaAs system7, the impurities are assumed to be
highly screened in the 2DEG. As a result, the impurity
potential can be described as a δ-function. Within a lat-
tice model, random disorder can be inserted into the sys-
tem Hamiltonian by adding a uniform distribution having
an energy window of W to the on-site energy. The W in
two dimensional lattice model containing high concentra-
tions of δ-function impurities satisfies the relation7
W
EF
=
(
6λ3F
pi3a2Λ
)1/2
, (3)
where EF , λF are Fermi energy and Fermi wavelength,
respectively, and a is a lattice constant. Consequently,
the impurity level is now characterized by a mean free
path (MFP), Λ. We do not find any signficant contribu-
tion to the interlayer transport when the selected MFP
is approximately as large as the system length. Thus, we
only focus on the MFP comparable to or smaller than
the device size in this paper. The calculation strategy
follows a standard self-consistent field procedure. Given
the density matrix of the 2D system, we can evaluate
the mean-field quasiparticle Hamiltonian with the non-
equilibrium Green’s function (NEGF) formalism coupled
with a 3D Poisson equation. We calculate all transport
properties via Landauer formula and all resultant values
are averaged over at least four different disorder config-
urations per MFP.
In Fig. 1(b) and 1(c), we analyze the I − V char-
acteristics of the disordered system sweeping the inter-
layer bias up to 100µV . Here the critical current, or
amount of interlayer current the system can sustain by
simply altering the interlayer phase, from the simula-
tion is Icleanc = 0.89nA, which is smaller than the pre-
dicted critical current4 of Ianalc = 1.44nA. This discrep-
ancy can be understood by considering the charge im-
balance and efficient interlayer charge screening by the
electrons, especially at high bias window where the quan-
tum wells are off-resonance. We now introduce impurities
into the system corresponding to three different MFPs
of Λ = 1.2, 0.6, and 0.3µm. The range of MFPs we
consider here adds a significant perturbation to the on-
site energy of 10 ∼ 20% of the self-consistent Hartree
potential. In Fig. 1(b), we plot the current flowing
from the bottom right contact (BR) to the top left con-
tact (TL) and immediately see the effects of even small
amounts of disorder. By comparing the interacting and
non-interacting systems, we notice that the interacting
system has a uniform current enhancement over the non-
interacting case over all interlayer voltages. However,
when disorder corresponding to a MFP commensurate
with the system size is introduced, we see that the inter-
layer current is increased at low VINT . This is a conse-
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FIG. 2. (Color online) Plots of a interlayer conductance, G,
as a function of interlayer bias with mean free path of (a)
1.2µm, (b) 0.6µm, and (c) 0.3µm. (d) Plot of max height of
the interlayer conductance as a function of mean free path at
VINT = 0.1µV .
quence of local regions of stronger interlayer interactions
set up by disorder-induced localization. As VINT is in-
creased, the interlayer enhancement quickly disappears
and leaves only a small exchange enhancement over the
non-interacting case. As the MFP is further decreased,
we see that the trend of decreased interlayer exchange en-
hancement continues as the perturbations to the carriers
via the disorder potential is now large enough to energet-
ically separate the two layers leaving only weak interlayer
interactions. A separate way of visualizing the effects of
disorder is via Fig. 1(c) where we plot the the current in-
jected from the bottom right (BR) contact and extracted
from the top right contact (TR). Here, we would expect
the interlayer current to be close to zero as we see for
the S = 1 and S = 2 cases without disorder. However,
when disorder localizes the electron states in the bottom
layer, interlayer tunneling is locally enhanced leading to
increased interlayer transmission near the injection con-
tact. Beyond locally enhanced transmission, the presence
of disorder in the top layer perturbs the electron states
leading to backscattering of injected states. The overall
effect is an increasing current from BR to TR as disorder
increases.
A crucial component to understanding the interlayer
dynamics in the presence of materials disorder is the crit-
ical current, or the interlayer current at which point the
system switches from coherent exchange-enhanced elec-
tron dynamics to incoherent single-particle dynamics. As
we have not passed a phase boundary, we do not expect
large differences in interlayer currents between the two
transport regimes. Examination of the differential con-
ductance is well understood to provide an excellent probe
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FIG. 3. (Color online) A plot of spatially resolved current as a
function of device width and length at (a) VINT = 10µV and
(b) VINT = 80 µV in units of pA for an assumed enhancement
factor of S = 2. The current profile of the clean system
(disordered system of Λ = 0.3µm) is presented at left (right)
column. Above each two dimensional plot, there is a current
profile taken in the middle of the system indicated as a white
dashed line.
of the drop in interlayer conductivity associated with
reaching critical current2. We calculate a critical cur-
rent for each disorder configuration and MFP and find
that I1.2µmc = 0.67 ± 0.02nA, I0.6µmc = 0.72 ± 0.09nA,
and I0.3µmc = 0.74 ± 0.07nA which is smaller than the
disorder-free case (Icleanc = 0.89nA). However, we find
the critical current saturates with increasing disorder
but this is simply because the exchange enhancement
has been lost and the system responds as if it is non-
interacting for MFPs shorter than the system dimen-
sions.
Figures 2(a) - 2(c) depict tunneling conductance which
is defined as G = 〈ITL + ITR〉/VINT , and show that
the width of the tunneling conductance peak is broad-
ened with the increasing material disorder. With a
given MFP, the broadening (Lorentzian half-width, Γ)
is calculated as8 Γ = ~τ , where τ is quantum life-
time of the electrons. The predicted broadening (Γ/2)
for Λ = 1.2, 0.6, 0.3µm are around 20, 41, 82µeV ,
respectively. Our results show energy broadening of
22.1± 2.0, 36.7± 5.8, 76.0± 13.7µeV , respectively, in a
good agreement with the predicted values. In Fig. 2(d),
we plot the maximum value of the interlayer conductance
as a function of MFP. We observe a linear dependence
in the differential interlayer conductance9, especially at
the MFP shorter than Λ = 0.6µm. The broadening in
tunneling peak and linear dependence of interlayer con-
ductance in MFP indicate that the interlayer transport is
no longer controlled by the intrinsic nature of the system
and instead is controlled by the material disorder when
the mean free path is shorter than device length. By re-
ducing the MFP to Λ = 0.3µm, we find another overall
reduction of the interlayer conductance peak value with
additional scattering enhanced broadening of the inter-
layer conductance peak.
As important as it is to understand the variations in
the magnitude of the interlayer currents, we must also un-
derstand how disorder shifts the interlayer current den-
sity. In Fig. 3, we plot the interlayer current density
below and above critical current for a clean system and
one with a MFP of Λ = 0.3 µm. In the linear response
regime, the tunneling current4 is proportional to v−2f ,
where vf is a quasi-particle Fermi velocity in transport
direction. The quasi-particle subband with the highest
transverse velocity has the lowest transport directional
velocity and, consequently, makes the largest contribu-
tion to the interlayer transport. As a result, the quasi-
particle wavefunction of the highest quantized level con-
tributes most significantly to the tunneling current, and
is manifest as a transverse directional oscillation in the
current profile in Fig. 3 due to the small degree of con-
finement in our 1.2µm wide structure. In Fig. 3(a),
we see that in the clean case, at small interlayer bias,
the interlayer current density is peaked near the contacts
but flows randomly across the system in the presence of
strong disorder. This is clearly not the case in Fig. 3(b),
where we see that above critical current the clean system
exhibits an even spatial distribution of the interlayer cur-
rent but that the disordered system has been broken up
into regions of strong and weak interlayer current flow
controlled by the disorder pattern. This gives further ev-
idence of how disorder with a corresponding MFP smaller
than the system dimensions controls the interlayer trans-
port properties.
We have shown that while exchange-enhanced inter-
layer transport properties in semiconductor bilayers may
exist outside of the quantum Hall regime they are very
sensitive to the strength and location of material disor-
der. We find that as soon as the MFP of the electrons be-
comes commensurate with the spatial system dimensions
that the disorder controls the interlayer transport prop-
erties and reduces the interacting electron system to a
non-interacting one. These findings demonstrate that to
observe these states experimentally one requires systems
with MFPs greater than the system spatial dimensions.
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